The purpose of this study is to examine the cellular and molecular events coincident with muscle denervation, especially the regenerative changes seen following muscle denervation, the role of satellite cells in this process, and the possibility of apoptotic degeneration of myonuclei as a mechanism of myonuclei loss during muscle denervation atrophy. Myosin heavy chain (MHC) isoform expression during muscle denervation was examined using pyrophosphate acrylamide gel electrophoresis and immunohistochemistry. DNA fragmentation (apoptosis) in myonuclei of denervated fibers was investigated using agarose gel electrophoresis, the TUNEL technique and ELISA for cytoplasmic histone-associated DNA fragmentation. Immunohistochemistry for MyoD and BrdU was also performed. Following muscle denervation, embryonic MHC, which is not expressed in adult healthy muscles, was expressed in some denervated fibers as well as in small activated satellite cells; maximal expression was observed 2 to 3 weeks after denervation. Activation and proliferation of satellite cells were observed, while few typical regenerating fibers were identified. It is speculated that most activated satellite cells fused to the denervated maternal fibers in order to repair them instead of fusing to each other to form new fibers as a mechanism that compensates for the atrophic changes after denervation. Although DNA ladder formation was not observed with agarose gel electrophoresis, DNA fragmentation was detected by the TUNEL technique and ELISA, suggesting that apoptotic degeneration contributes to the loss of myonuclei associated with denervation atrophy.
INTRODUCTION
Trauma to a peripheral nerve results in muscle denervation atrophy and functional deficits as well as a number of neurogenic diseases. Clinically, the ultimate goal is to prevent the denervated muscle from atrophying, to restore the function of muscles denervated for a long period, or to reconstruct the function by transplanted muscle which also undergoes denervation following the harvest. Many kinds of so-called babysitting to the denervated muscles, such as electrical stimulation [1] , motor nerve baby-sitting [2] , and sensory protection [3, 4] , have been performed clinically or experimentally, but none of them has been proved to be clinically satisfactory. To investigate the mechanism of muscle denervation atrophy and muscle adaptation following denervation has been of great interest for reconstructive surgeons who treat peripheral nerve palsies.
A number of studies have been performed to investigate the phenomena and mechanisms associated with muscle denervation. Although the proliferation of satellite cells and regeneration of new fibers have been observed, and signs of restoration are seen concurrently with regressive changes in denervated muscles [5] [6] [7] [8] [9] , it is not generally thought that denervated muscle fibers are replaced with regenerated fibers. The time course of these regenerative changes varies and the fate and role of satellite cells have not been elucidated. It is also still unclear if apoptotic changes of myonuclei contribute to the loss of myonuclei in the process of denervation atrophy, although some reports suggested the possibility of apoptosis as a mechanism of myonuclei loss [10 -12] .
The purpose of this study is to examine the cellular and molecular events coincident with muscle denervation, especially the regenerative changes seen following muscle denervation, the role of satellite cells involved in the process, and the possibility of apoptotic degeneration of myonuclei as a mechanism of myonuclei loss during muscle denervation atrophy.
MATERIALS AND METHODS
Denervation models. Adult (4 month old) Wistar rats were anesthetized by intraperitoneal administration of pentobarbital sodium (50 mg/kg). In each rat, the gracilis muscle (both the anterior and posterior gracilis muscles) was denervated by transection and harvest of 5 mm of the innervating nerve, while care was taken not to damage the nutrient vessels. The surgically denervated gracilis muscles, as well as those on the contralateral side, were removed at various time intervals (7, 14, 21 , and 28 days). At least five rats were used for each group. Prior to harvest of the muscles, BrdU (bromodeoxyuridine, 30 mg/ml in saline) was intraperitoneally administered twice, 6 and 2 h before sacrifice. Each muscle belly was divided into several pieces: pieces of each specimen were fixed with 10% neutral buffered Formalin for paraffin embedding, embedded in OCT compound without any fixation by freezing in isopentene cooled with liquid nitrogen for (immuno)histology, or directly frozen in liquid nitrogen for biochemical assay. Before using, each frozen muscle sample was crushed at Ϫ196°C with a hammer, a stainless-steel bar, and plate, order-made specifically for crushing.
Antibodies. Three types of monoclonal antibodies specific for myosin heavy chains (MHCs) were utilized in this study: NCL-MHCd, NCL-MHCf, and NCL-MHCs (Novocastra Laboratories, UK). NCLMHCd, created against native myosin extracted from the hindlimb muscle of 7-day-old rats, is also specific for embryonic and fetal (neonatal) MHCs. NCL-MHCf and NCL-MHCs, respectively, were raised in mice against native myosin from rabbit psoas and soleus muscles [13] . NCL-MHCf reacts with fast MHC (both MHC2a and MHC2b) and, possibly, also with fetal (neonatal) MHCs [14] . NCLMHCs is specific for slow MHC. The specificity of these three antibodies has been described previously [13, 14] . In this report, the fibers positive for NCL-MHCd are referred to as expressing the "embryonic" MHC. Additionally, two kinds of antibodies were utilized in this study: anti-MyoD protein antibody [15] (Novocastra Laboratories, UK) and anti-BrdU antibody (Novocastra Laboratories, UK).
Immunocytochemistry. Following air drying, 10-m-thick sections were blocked with 2% horse serum in PBS for 20 min and incubated with primary antibodies for 1 h at room temperature. Sections were further incubated with biotinylated horse anti-mouse antibody (rat absorbed, Vector Laboratories, CA) followed by biotinavidin-peroxidase complex diluted according to the manufacturer's instructions (Vectastain elite ABC kit, Vector Laboratories) in 1% horse serum in PBS for 30 min at room temperature. Between each step the sections were washed for 30 min in three changes of PBS. Development was carried out by incubation with 0.5 mg/ml diaminobenzidine tetrahydrochloride (DAB), 0.01% H 2 O 2 in PBS for 3 min. Following a brief rinse in distilled water and dehydration, the sections were mounted.
TUNEL technique (in situ DNA fragmentation end-labeling). Apoptag Plus in situ apoptosis detection kit (Oncor, MD) was used for the in situ TUNEL technique. Three-micrometer-thick sections of paraffin embedded tissue were stained according to the manufacturer's instructions. The labeling target of this procedure is the multitude of new 3Ј-OH DNA ends generated by DNA fragmentation. After the addition of digoxigenin-nucleotide to 3Ј-OH DNA ends catalyzed by terminal deoxynucleotidyl transferase (TdT), immunohistochemical staining for digoxigenin was performed. The TUNEL reaction products were visualized with DAB.
ELISA for cytoplasmic histone-associated DNA fragmentation. Cell Death Detection ELISA (Boehringer Mannheim, Germany) was used for the quantitative determination of cytoplasmic histoneassociated DNA fragments. Each muscle sample was processed according to the manufacturer's instructions. Crushed frozen samples were lysed with the incubation buffer of the kit following the centrifugation steps. The lysate was centrifuged at 20000g for 10 min. The nucleosomes in the resulting supernatant were detected by immunoassay. The 
FIG. 2.
Native myosin isoforms of the control gracilis muscle and denervated gracilis muscles (2, 3, and 4 weeks after denervation). Embryonic myosin was detected after denervation, especially at 2-3 weeks after denervation.
assay is based on the quantitative sandwich-enzyme-immunoassay principle using anti-histone antibody and anti-DNA antibody conjugated with peroxidase. The immunocomplex was developed with ABTS (2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate]) as a substrate and measured at 405 nm by an ELISA plate reader (Model 550 microplate reader, Bio-Rad Laboratories, CA).
Pyrophosphate polyacrylamide gel electrophoresis (PPi-PAGE).
PPi-PAGE, which enables the resolution of myosin isoforms in native conditions, was performed as described before [16] . In brief, diluted crude muscle extracts of each sample were loaded on the pyrophosphate acrylamide gels using cylindrical tubes. Gels containing 4% polyacrylamide were processed at 4°C and at a constant voltage gradient of 20 V/cm. The running buffer was 0.04 M tetrasodium pyrophosphate, pH 8.5, with 1 mM EDTA and 0.01% 2-mercaptoethanol. Gels were stained with Coomassie brilliant blue.
Agarose gel electrophoresis. Extraction of nuclear DNA was performed as described by Ioannou and Chen [17] . Crushed frozen samples were lysed with DNA fragmentation lysis buffer (0.1% Triton X-100, 5 mM Tris-HCl, pH 8.0, 20 mM EDTA). Following the addition of polyethylene glycol (PEG) 8000 and NaCl to a final concentration of 2.5 % and 1 M, respectively, samples were placed on ice for 10 min and then centrifuged at 16000g for 10 min at room temperature. The precipitated supernatants were resolved by agarose gel electrophoresis using Mupid (Advance, Tokyo). Gels containing 1.5% agarose and 0.5g/ml ethidium bromide were run at room temperature at 3 V/cm. The running buffer was 0.045 M Tris-borate buffer, pH 7.8, with 1 mM EDTA. Gels were examined by transmitted ultraviolet illumination.
Presentation of data and statistical analysis. One-way ANOVA (analysis of variance) and Dunnett's nonparametric test were used for comparisons of the data of ELISA. Results were expressed as the means ϩ standard errors of the mean (SEM) of samples from six to eight experimental animals in each group. Differences were considered significant for P values Ͻ 0.05.
RESULTS

Pyrophosphate Polyacrylamide Gel Electrophoresis
It has been established that there are four major types of myosin isoforms sequentially expressed during muscle development: embryonic, fetal (neonatal), fast, and slow [18] . The former two isoforms are usually not seen in nonpathological adult muscles. These four myosin isoforms demonstrated distinct mobilities in PPi-PAGE mainly because of the distinct molecular weights of their heavy chains (Fig. 1) . The gracilis muscle in rat is a mixed muscle composed of fast and slow fibers. Embryonic myosin the mobility of which is greater than that of fast myosin was detected after denervation, especially at 2-3 weeks after denervation (Fig. 2) . The amount of embryonic myosin decreased at more than 4 weeks after denervation.
Immunohistochemistry
Myosin heavy chains. Two to 4 weeks after denervation, embryonic MHC was expressed in some of the denervated fibers (Fig. 3) . Small cells expressing embryonic MHC, which were assumed to be differentiated satellite cells, were also occasionally seen in the denervated muscles. However, the other cells expressing embryonic MHC appeared to be denervated original fibers by their size and shape, not newly formed myotubes nor regenerating fibers. The intensity of staining for embryonic MHC varied from faint to intermediate in large denervated fibers, while it was always strong in small positive cells.
MyoD protein. Following denervation, a small number of the small cells expressed MyoD protein, and they were suspected to be newly activated satellite cells. The number of these MyoD-positive cells was relatively constant during the first 4 weeks (Fig. 4) .
BrdU. BrdU-positive small cells, which are proliferating satellite cells, were occasionally seen in the denervated muscles. The number of these BrdUpositive cells did not change significantly during the first 4 weeks (Fig. 5) .
Apoptotic degeneration of myonuclei. DNA fragmentation was not detected by agarose gel electrophoresis at any time during the first 4 weeks after denervation. By the TUNEL technique (in situ DNA fragmentation end-labeling), on the other hand, positive nuclei were detected at all times after denervation ( Fig. 6) , while the number of these positive nuclei was less than 1% of all myonuclei. It is quite difficult to determine whether the positive nuclei were located inside or outside of the sarcolemma, but they were assumed to be myonuclei of the denervated fibers. Furthermore, by ELISA for histone-associated DNA fragmentation, the amount of detected DNA fragments was found to increase significantly at 1-3 weeks, compared to the contralateral side (Fig. 7) . The results of the TUNEL and ELISA techniques suggested that a small amount of myonuclei in the denervated fibers underwent apoptotic degeneration, although the TUNEL technique is not completely specific for 3Ј-OH DNA fragmentation.
DISCUSSION
Regenerative Change of Denervated Muscle
Although it has not been established conclusively, there are some reports suggesting that muscle regeneration occurs after denervation [6, 19] . Embryonic myosin was immunohistochemically found to be expressed in denervated soleus and anterior tibialis muscles of Wistar rats [19] , and the present study confirmed this fact using the gracilis muscles in Wistar rats through immunohistochemistry and pyrophosphate polyacrylamide gel electrophoresis. The proliferation of satellite cells and the formation of new fibers were observed in denervated rat soleus muscles following fiber breakdown [8, 20] . "Regenerating fibers" (myotubes) which are fibers newly formed by activated satellite cells fusing to each other were also seen in this study, but only rarely. Typical regenerating fibers (myotubes) are small to intermediate in size and are stained strongly positive for embryonic MHC [21] . Large fibers positive for embryonic MHC were identified and yet they were not thought to be regenerating fibers, but denervated original fibers under muscle adaptation. Even in the presence of nerve, approximately 2 weeks is required for regenerating fibers to grow to mature size and lose embryonic MHC expression [21] . However, 1 or 2 weeks after denervation, most fibers expressing embryonic MHC are large in size, suggesting that they were denervated original fibers. The small cells strongly positive for embryonic MHC were thought to be activated satellite cells.
Activation of Satellite Cells Following Denervation
Satellite cells are myoblasts located between the plasma membrane and basement membrane that proliferate and fuse during myogenesis, muscle regeneration, and any other muscle adaptation. During muscle regeneration after necrosis, which can be experimentally induced by ischemia, cold injury, or myotoxin, activated satellite cells fuse to each other to form new fibers. On the other hand, satellite cells fuse to their maternal fibers during normal muscle development after birth [22] , or during muscle hypertrophy such as that induced by exercise [23] .
A recent electromicroscopic study revealed that the number of satellite cells rose 2 months after denervation, and subsequently declined with time [24] . In the present study, activated or proliferating satellite cells were detected following denervation with immunohistochemistry for embryonic MHC, MyoD and BrdU, although the activation and proliferation of satellite cells were much less prominent than those during muscle regeneration after necrosis. Some of the BrdU-positive proliferating satellite cells would subsequently begin to differentiate and generate embryonic myosin. The others would remain as undifferentiated satellite cells for another proliferation in the future. MyoD is one of the basic helix-loop-helix (bHLH) muscle regulatory factors (MRFs) involved in skeletal muscle determination and differentiation that can induce nonmyogenic cells to undergo myogenic cell differentiation [25] . MyoD expression is observed in activated satellite cells and is lost after they fuse into myotubes [26] . A recent study suggested that MyoD mRNA expression remains high for several months after denervation [27] . The MyoD-positive cells seen after denervation in this study were thought to be newly activated satellite cells,
FIG. 6.
Paraffin sections of control and denervated muscles (2, 3, and 4 weeks after denervation) stained with the TUNEL technique. Positive nuclei were detected at all times after denervation, although the number of these positive nuclei was less than 1% of all myonuclei. Scale bar ϭ 50 m.
which were not seen in the normal adult muscles the satellite cells of which were fully quiescent. Unlike after necrosis, typical regenerating myotubes, which are small to intermediate fibers intensely positive for embryonic MHC, were rarely seen after denervation. However, some of the denervated original fibers showed embryonic MHC, and the staining varied from faint to intermediate. Small cells positive for embryonic MHC were also seen and they were thought to be activated satellite cells which had already begun to differentiate and generate embryonic MHC.
It is unlikely that all of the activated satellite cells were involved in the formation of new regenerating fibers, because typical regenerating fibers were rarely seen. Therefore, we speculate that most proliferated and differentiated satellite cells fused to their denervated maternal fibers in order to repair them instead of fusing to each other to form new fibers, and that the embryonic MHC expressed in denervated fibers was generated by myonuclei derived from newly fused satellite cells. Nuclei in regenerating fibers are usually central [28] and derived from aligned and fused satellite cells [29] . The central nuclei occasionally seen following denervation may be derived from satellite cells fused to the denervated fibers in the repairing process.
Apoptotic Degeneration of Myonuclei of Denervated Fibers
The in situ TUNEL technique can detect nuclear DNA fragmentation associated with programmed cell death in tissue sections. ELISA for histone-associated DNA fragmentation allows the quantitative determination of mono-and oligonucleosomes in the cytoplasmic fraction of the sample tissues. The present results of the TUNEL and ELISA techniques suggested that a small number of nuclei of denervated fibers underwent apoptotic degeneration, especially in the first 3 weeks after denervation. Infiltrating immune cells can undergo apoptosis in skeletal muscles [12, 31] , and thus a part of the increase detected by ELISA may represent the apoptosis of macrophages and other leukocytes. Unlike other cells, the muscle cell (fiber) has a number of nuclei that regulate the individual domain of the cell. Therefore, muscle cells can remain alive even when some of the myonuclei undergo apoptotic DNA fragmentation.
Degenerating myonuclei were found in muscles of a patient with infantile spinal muscular atrophy [31] and in neonatally injured rat muscles [32] . A recent study [10] reported the presence of putative apoptotic myonuclei in muscle tissue 2 and 7 months after denervation through searching for morphological markers of apoptosis, hypercondensation of chromatin, and nuclear fragmentation. Apoptotic nuclei were seen with the in situ TUNEL technique after 14 days of hindlimb suspension, although it was not concluded that apoptosis is solely responsible for the elimination of myonuclei [12] . As for the results of the present study, apoptotic myonuclei were small in number (mean ϭ 3 per section) and appeared to be distributed randomly within muscle fibers [12] . However, Rodrigues and Schmalbruch [11] reported that myonuclei with condensed chromatin were not detected after neonatal denervation, and they failed to demonstrate DNA breaks in muscles after 30 weeks of denervation by in situ tailing and nick translation. They used the fastwhite EDL, while others used slow-red soleus, and we used the gracilis muscle the posterior part of which is predominantly slow. Because the regenerative changes such as the expression of embryonic myosin were more prominent in the gracilis muscle than the anterior tibialis or EDL (data not shown), the myofiber type may be strongly correlated with the apoptotic change of nuclei and the regenerative changes following denervation.
Our attempts to demonstrate DNA fragmentation of myonuclei by agarose gel electrophoresis failed in denervated muscles, mainly because an overwhelming number of intact nuclei exist in denervated muscles. Nuclear fragmentation has never been reported by agarose gel electrophoresis during any muscle adaptation. Investigations with more sensitive procedures and extensive studies with various animals and muscles will be required for further clarification.
CONCLUSIONS
Following denervation, muscle fibers undergo atrophic changes with loss of myonuclei, and some of the satellite cells undergo activation, proliferation, and differentiation. Activated satellite cells appeared to fuse to the maternal denervated fibers without forming new fibers, probably as a mechanism to compensate for the denervation atrophy. However, this regenerative change gradually declines, presumably because of satellite cell pool exhaustion. It is speculated that embryonic MHC detected in denervated fibers is generated by myonuclei derived from newly fused satellite cells. Although apoptotic degeneration of myonuclei of the denervated fibers was not confirmed by agarose gel electrophoresis, our findings suggest that it contributes to loss of myonuclei associated with denervation atrophy.
